Abstract An atmospheric pressure radio-frequency plasma jet that can eject cold plasma has been developed. In this paper, the configuration of this type of plasma jet is illustrated and its discharge characteristics curves are studied with a current and a voltage probe. A thermal couple is used to measure the temperature distribution along the axis of the jet stream. The temperature distribution curve is generated for the He/Oz jet stream at the discharge power of 150 W. This jet can etch the photo-resistant material at an average rate of 100 nm/min on the surface of silicon wafers at a right angle.
I Introduction
It is well known that gas-breakdown at atmospheric pressure generally requires a high breakdown voltage from several kilo-volts t o tens thousands of volts. Traditional sources mainly include corona discharges ['I and dielectric barrier discharges j2]. Both of them are generated through a succession of microarcs that are randomly distributed in space and time, which means they cannot be uniform. Although they can also generate high-density reactive species, they cannot be applied to material processing where the surface is smooth, especially t o clean-up of silicon chips and the deposition of thin films [3] in microelectronic industries.
A volumetric homogenous cold plasma could exist only in vacuum in the past, However, it has several drawbacks when operating at a reduced pressure. First of all, vacuum systems are expensive and require costly maintenance. Second, the size of the object that can be treated is limited by the size of the vacuum chamber. Load locks and robotic assemblies must also be used to shuttle materials into and out of vacuum. In 1997, a group of researchers led by Dr. Selwyn a t Los Alamos National Laboratory in USA developed an apparatus that can generate a stable electric discharge through the coupling of capacitors and eject cold plasma at atmospheric pressure [4 ' 1. This breakthrough overleaps many vacuum processes and reduces the system cost, and is more apt to be used in industry processes on a large scale. So far, the plasma techniques have been used in deposition of thin films, surface cleaning and etching, and sterilization, etc 1' 141. Compared to corona discharges and dielectric barrier discharges, the atmospheric pressure radio-frequency plasma has several advantages: (1) The gas is broken down at a low root-mean-square (rms) voltage below 200 V. (2)
The plasma ignited in the discharge space is stable and uniform. (3) The plasma is generated through the coupling of capacitors. (4) There are no dielectric materials between the electrodes.
We, the Institute of Microelectronics, Chinese Academy of Sciences, also developed an atmospheric pressure radio-frequency plasma jet operating between 50 W and 600 N' through one year's effort 115.161.
In this paper, the schematic of the plasma generator is illustrated, and its electrical and temperature characteristics are followed. In addition, its application to stripping photoresist is discussed.
2 The atmospheric pressure radio-frequency plasma jet The schematic of the atmospheric pressure radio-
The atmospheric pressure radio-frequency plasma jet is composed of a radio-frequency power supply at the frequency of 13.56 MHz, a plasma generator, a gas intake system, and a water-cooled system. The schematic of the plasma generator is shown in Fig. 1 .
It consists of an outer, grounded, cylindrical electrode and an inner, coaxial electrode connected to the power supply. Both of the electrodes are made of stainless steel and separated by an insulating material. A cylindrical discharge space, which is 120 mm long and 25 mm in diameter, forms between the electrodes through which the feed gas is ionized and forced out of the nozzle. Shown in Fig. 2 is the photograph of the cold plasma effluent being ejected to a human finger. The discharge has a power of 100 W generated with a helium flow rate of 30 L/min and a nitrogen flow rate of 200 sccm. From Fig. 2 , we can see that the temperature of the plasma is very low and it will not hurt human's finger at the end of the effluent. The red part of the plasma stream is caused by those excited nitrogen atoms in the effluent, which means a lot of reactive species are generated and a dry-desired chemistry can occur.
3 The characteristics of the atmospheric pressure radiofrequency plasma jet
The electrical characteristics of the discharge
The electrical properties of the discharge were studied by simultaneous measurement of the discharge voltage and the rf current as a function of time. The measurements were made using a voltage probe (Tektronix P6015 A with a bandwidth of 75 MHz), and a current probe (Tektronix 011-0106-00 with a bandwidth of 20 MHz). The results were 2482 can see the faint uniform discharge in the cylindrical space between the electrodes. After the gas breakdown, the rms current continues to increase with increasing input power and is nearly on the same order of magnitude as the input power. However, the increase of rms voltage becomes slower. The reason is that after the voltage is higher than the breakdown point, the feed gas becomes highly ionized and conductive. Consequently, the resistance of the feed gas drops rapidly. Thus, the increase of the rms voltage is still relatively small even with a large increase of the input power. When the input power increases to a point further, the arcing suddenly appears between the electrodes. That means the failure of the capacitive coupling discharge, and this phenomenon has been discussed in a previous paper [16] .
The temperature characteristics of the discharge
A thermal couple was used to measure the temperature distribution along the axis of the jet stream. We began to measure the plasma temperature from the point 5 mm from the nozzle exit. Considering the symmetry of the temperature distribution, we just measured the points on the surfaces parallel to the electrode surface. So the points measured are every 5 mm along the direction of the gas flow and every 5 mm along the direction normal to the electrode surface. And these measurements were conducted when the helium flow rate was 20 L/min, the oxygen flow rate was 50 sccm, the input power was 150 W, and the reflected power was 0. The temperature distribution of the plasma effluent is dependent on the input power, and the temperature of He/N2 plasma at the nozzle exit is below 250°C when the the argon flow rate is 20 L/ min, the oxygen flow rate is 50 sccm, and the input power is 150 W input power is 300 W.
From Fig. 5 , we can see the temperature of the point that is 5 mm from the nozzle exit along the axis of the gas flow has the highest temperature of 150°C. The temperature of the plasma effluent decreases rapidly as the distance from the nozzle exit increases, and at the point that is 30 mm from the nozzle exit the temperature decreases near to 50°C. The rapid decrease of temperature is attributed to the high collision rate among the molecules at the atmospheric pressure. The tests conducted by Selwyn ['>13] show that no ions have been detected in the plasma effluent except for excited reactive atoms, metastable molecules and a small amount of electrons. It is obvious that using the plasma to clean the surface of materials in microelectronic industries will not bring any damage caused by ions.
Experimental results of photoresist stripping
Photoresist stripping is very important in microelectronic industries. The traditional manufacturing process involves running the semiconductor through a series of acid and deionized water baths to remove contaminant particles and photoresist residue. For a semiconductor manufacturing process, averaged amount of daily consumption of water, 95% sulphuric acid solution and 49% hydrofluoric acid solution are up to 130,000 gallons, 20,000 L and 5,000 L, The photograph of photoresist stripping using respectively. If the same process above is shifted to process a 300 mm semiconductor instead of the 200 mm counterpart, the averaged daily consumption of water only will be tripled t o 500,000 gallons. Furthermore, the semiconductor has been forced t o face the problems of dealing with the drainage of waste chemicals produced. The semiconductor industry is very anxious to replace the chemical solvent methods as early as possible by a dry-type methods.
Recently, much attention has been paid to a new method of etching photoresist with the plasma jet, which is considered to be hopeful to replace the conventional wet chemical process and is environmentally benign as it produces nothing more dangerous than carbon dioxide and water [l73l81. Therefore, it is very necessary t o study the process of etching photoresist with the plasma jet. Shown in Fig. 6 is a photograph of etching photoresist using the plasma jet developed by our group. It can be seen that the central area of the silicon wafer has been cleaned up by the plasma. The etching was conducted on the photoresist, called AZ9918 film spin-coated on Si surface, and baked at 100°C for 10 min in a n oven. The baked resist sample was placed 5 mm away from the nozzle of the plasma jet while the power was 150 W, the argon flow rate was 20 L /min, and the oxygen flow rate was 50 sccm.
As shown in Fig. 6 , the central area cleaned is up t o nearly 700 mm2, which is larger compared to the area given by H. Koinuma[l8I. Some photoresist on the edge of the wafer still remains because the size of the nozzle is limited. If there is a relative movement between the wafer and the nozzle, all the photoresist on the wafer could be cleaned up. The etching 2484 Plasma Science & Technology, vo1.6, No.5, Oct. 2004 rate is measured by the weight loss of the film over a given circular area and the average etch rate is about 100 nm/min. It was found that the photoresist etch rate increases with temperature, RF power, and oxygen flow rate. The identification of the optimum conditions for operating the plasma jet is currently ongoing.
